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Introduction
Wide implementation of vaccination program against hepatitis B virus (HBV) in China has significantly decreased the rate of HBV infection 1 Mother-to-child transmission, including intrauterine transmission and transmission during labor, breast-feeding, and daily contact, has become the major route of HBV infection 2, 3 With combined hepatitis vaccination and hepatitis B immunoglobulin (HBIG) treatment of newborns, transmission during delivery and the postpartum period can be efficiently prevented. [4] [5] [6] However, approximately 5-10% of vertical transmission of HBV remains to be prevented because of failure to protect against intrauterine infection.
7-11 which is reported to be the bottleneck for further prevention of vertical transmission of HBV worldwide.
Considering the largest population and high prevalence of HBV infection in China, there are about 1 million infants born every year facing high risk of HBV infection, which would be serious economic pressure for their families and the society. It is essential to take every effective measure to prevent mother-to-infant transmission.
Unfortunately, there is no standard strategy in gestational period to prevent mother-to-infant intrauterine transmission. The first approved oral nucleoside analog to inhibit HBV replication, lamivudine, is widely used with considerable efficiency and safety in HBV-infected pregnant women to prevent HBV vertical transmission. 9, 12 Telbivudine and tenofovir are considered class B drugs by the US Food and Drug Administration for use in pregnant women with HBV infection. The following problems with nucleoside and nucleotide analogs require attention: 1) a risk exists for sudden exacerbation of liver disease after withdrawal, 2) the rate of drug resistance may increase in the future, and 3) the long-term impact on children requires further investigation.
Administration of HBIG constitutes another approach for preventing vertical transmission. In a prospective randomized controlled trial, Xu et al. showed that HBIG can interrupt HBV vertical transmission in both hepatitis B e antigen (HBeAg)-positive and -negative pregnant women. 13 Other groups have also confirmed protection with HBIG during pregnancy. 8, 14 Most recently, a meta-analysis of HBIG efficacy emphasized the importance of HBIG in reducing the risk of intrauterine transmission. 15 On the contrary, several other studies showed no influence of HBIG on vertical transmission. 16 The route and dose of HBIG administration in the individuals investigated may have contributed to this discrepancy.
For more than 20 years, our group has focused on HBV vertical transmission, and a large amount of our data from clinical trials have demonstrated that HBIG is effective in reducing HBV intrauterine infection. [17] [18] [19] However, its effects on HBV DNA load and the defense mechanism are still poorly understood. In this prospective study, HBV-infected pregnant women were divided into 2 groups, those who received and those who did not receive HBIG during pregnancy. In the mothers, the changes over time in HBV serum markers (hepatitis B surface antigen (HBsAg), hepatitis B surface antibody (HBsAb), HBeAg, hepatitis B core antibody (HBcAb)), and the DNA load were investigated. Immunohistochemical staining with custom-made antibodies against HBIG revealed both the level and distribution of HBIG in placentas.
Results
Characteristics of the mothers Eventually, 12 samples from experimental group and 16 from control group with complete information were included for final analysis. Based on the final sample size and positive proportion for each group (12/12, 2/16) the actual power of the study is >0.999. Table 1 presents the demographic and clinical characteristics of mothers in the experimental and control groups. These characteristics were comparable between the 2 groups (P > 0.05).
Influence of HBIG injection on the mother and neonate
No serious discomfort was reported during pregnancy by the women in our study, whether or not they received HBIG injections. Compared with infants in the control group, no newborns in the experimental group showed differences at birth in terms of weight, length, or Apgar score, and infants grew normally during the first year of follow-up ( Table 2) . Dynamic changes in alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were evaluated during pregnancy in all 28 women. As shown in Figure 1 neither ALT nor AST showed obvious variation, and no significant differences were found between the 2 groups at any time point. All the infants were negative for HBsAg and HBV DNA, in other words, they all were free of HBV infection after 1 y following-up.
Effect of HBIG on HBV markers and HBV DNA The effect of HBIG on HBV markers and the HBV DNA load during pregnancy was also investigated. HBIG showed no immune regulatory function in previous studies 8 , and thus our observation that the titers of HBsAg, HBeAg, and HBcAb were maintained at similar levels during pregnancy was not surprising, and no significant differences between the 2 groups were noted ( Fig. 2A-C) . The HBV DNA load showed a slight increase after 38 weeks of gestation, consistent with a previous study. 20 Similar to the HBV markers, no significant difference in HBV DNA load was observed between the 2 groups (Fig. 2D) .
Correlation between mothers and newborns regarding HBsAb titer
As a specific immunoglobulin against HBV, HBIG plays a role similar to that of HBsAb. To investigate the influence of HBIG on HBsAb, the HBsAb titer of the 28 mothers was analyzed. Compared with the control group, the titer of HBsAb in mothers in the experimental group was higher at most time points examined (Fig. 2E ) whereas no significant difference was seen between the 2 groups. We further compared the HBsAb titer in the women with their neonates in the experimental group, which revealed a positive correlation (r D 0.839, p D 0.001, Fig. 2F ). Infants born from mothers with higher HBsAb titers had higher levels of the protective antibody. Despite all this, titers of HBsAb in most of the mothers and newborns were less than 10 mIU/ml, the established seroprotective threshold of HBsAb. [21] [22] [23] 
Histopathological changes in placenta samples from HBV-infected mothers with or without HBIG injection
The placenta acts as a barrier separating maternal and fetal blood. Therefore, virus from the mother must pass through the placenta to infect the fetus. To investigate whether HBIG influenced placental morphology, standard hematoxylin-eosin staining of sections was performed. We observed damage in placenta with HBV infection, including stromal fibrosis, syncytial knotting, fibrinoid deposition, fibrinoid necrosis, chorionic hyperemia, and proliferation of capillaries in the villus. HBIG injections did not influence placental morphology compared with the control group ( Fig. 3A-C) . These changes are also present in the placenta from late pregnancy of healthy women. No pathological typical changes associated with HBV infection were observed in these sections.
Expression and distribution of injected HBIG in the placenta
The expression of HBV markers in the placenta has been manifested in both in vivo and in vitro experiments from our previous studies. 17, 24, 25 To investigate whether HBIG is deposited in the placenta as HBV markers and to understand its distribution, immunohistochemical staining for HBIG and HBsAg was performed. The staining results are shown in Figure 3D -G.
HBsAg-positive areas were mainly located in trophoblasts and villous mesenchymal cells, and they were also observed in a few villous capillary endothelial cells (Fig. 3D) . The distribution was similar to that reported previously. 24 The total positive rate of HBsAg among the 28 women was 14.29% (4/28). Interestingly, all of the positive samples were from the control group.
HBIG-positive areas were mainly detected in villous capillary endothelial cells and villous mesenchymal cells of placenta ( Fig. 3E ) and a few positive cells were also found in the basal layer of trophoblasts. All 12 placental tissue samples from the experimental group were HBIG positive, whereas only 12.5% (2/16) of control group samples were HBIG positive (P < 0.01). Further considering mother's HBsAb titer before delivery, the 2 HGIB positive samples in control group were from mothers with detective HBsAb, although the titer was low, which may owing to the active enrichment of HGIB at placenta.
Because HBIG is a specific immunoglobulin against HBV, the absence of double-positive staining for HBIG and HBsAg in all samples was not surprising.
Hofbauer cells, the macrophages in the placenta, are mainly present in the interstitial substance and play important roles in mother-to-infant virus transmission and immune defense. 26, 27 We performed double immunohistochemical staining for HBIG and CD68, the latter of which is a specific marker for Hofbauer cells. As shown in Figure 3G HBIG co-localized with CD68, indicating that HBIG was present in Hofbauer cells.
Finally, the intensity of placental HBIG staining was analyzed with Image-Pro Plus 6 image analysis software, and the mean density was calculated. The intensity was significantly higher in the experimental group than in the control group (Fig. 3H, 0 
The dynamic variation in ALT and AST in mothers during pregnancy and follow-up.
Discussion
Because of the routine use of combined immunoprophylaxis, which has been implemented extensively for infants from chronic HBV-infected women, intrauterine infection remains the principal route of HBV transmission. 28 No standard protocol to efficiently block this transmission route has been established. 7 As a specific immunoglobulin against HBV, HBIG has been widely used in liver transplantation to prevent HBV reinfection. 29 Consistent with previous reports, no serious side effects Although HBIG has been employed during pregnancy for about 20 years, its efficacy is still debatable. In the late 1990s, Zhu et al. reported that HBV vertical transmission in HBsAgpositive women is reduced with HBIG injections during pregnancy. 30, 31 A meta-analysis of data from 37 individual research centers in China and other countries also supports this conclusion. 15 Zhu and colleagues later demonstrated that HBIG can decrease HBV DNA and thus prevent vertical transmission during pregnancy. 8 However, Yuan and other groups obtained opposite results. 16 The following reasons may account for this discrepancy: 1) the doses of HBIG used during pregnancy were different; 2) the criteria for HBV infection of newborns were not identical; and 3) the sample sizes of some studies were not sufficiently large. HBIG has been used in our clinical work for over a decade and provides marked protection of the fetus from their HBV-infected mothers. 32 In our current study, after 1 y of follow-up, all infants were free of HBV infection whether their mothers had received HBIG or not during pregnancy. Because of the small study population in the current study, determining the difference in the infection rate between the 2 groups was difficult.
We observed that the level of maternal HBV DNA increased slightly during late pregnancy, which was consistent with a previous report. 20 This may be due to the special immune status during the gestational period. Furthermore, the titers of HBV markers (HBsAg, HBeAg, and HBcAb) did not change following HBIG injection. We hypothesize that HBIG may prevent HBV transmission through other mechanisms, rather than serving as a virus inhibitor to block intrauterine transmission.
Studies from as early as 1961 have shown that the placenta can actively transfer IgG to the fetus beginning at »12 weeks of gestation. 33 The average HBsAb titer increased in mothers of the HBIG-injected group, although no significant difference was observed when comparing with control group. Additionally, we observed a positive correlation when further analyzing HBsAb titer between mothers and neonates from the experimental groups (r D 0.839, p D 0.001). The titer was even higher in some neonates than in their mothers. This may be due to the transfer of HBIG from mother to fetus actively, which may be another mechanism for protecting neonates. Whereas, levels of HBsAb from all mothers were lower than the established seroprotective threshold of HBsAb (10 mIU/mL). [21] [22] [23] which supported our hypothesis HBIG protect fetus by other mechanism instead of directly neutralizing HBV virus in serum. The response to the vaccine by these neonates with higher HBsAb at birth requires further investigation and a longer follow-up period.
Using immunohistochemical staining and in situ hybridization, Xu et al. determined the distribution of HBsAg, HBcAg, and HBV DNA in the placenta of HBsAg-positive women. In addition, the positive rate of HBV DNA in villus capillary endothelial cells is closely correlated with intrauterine infection (r D 16.15, p D 0.0076). 34 Histological staining has shown that HBIG is also deposited in fetal capillary endothelial cells and villous mesenchymal cells. Thus, HBIG may form a protective immunoglobulin "barrier" between the maternal and fetal blood, playing a complementary role to the placental barrier and thus preventing HBV components from permeating the placenta and thereby protecting the fetus from HBV infection.
As the main target cell of virus infection in the placenta, Hofbauer cells comprise 43% of interstitial cells in the placenta 26, 27 In addition, because the virus preferentially infects Hofbauer cells, these cells may work as ideal transporters for the virus from the mother to fetus. 35, 36 The data showed the deposition of HBIG in Hofbauer cells in the absence of HBsAg, we hypothesized that HBIG may "neutralize" the virus by an unknown mechanism to prevent intrauterine transmission. Moreover, whether HBIG influences Hofbauer cell function to affect immune regulation and migration requires further study.
The HBIG used in this study was a custom-made polyclonal antiserum that exhibited lower specificity than monoclonal antibodies are expected to display, and this may also explain the positive areas of HBIG staining in sections from the control group. Furthermore, the study population was too small to tell the difference of infection rate of infants between experimental and control groups. Additionally, whether HBIG injection during pregnancy influences HBV mutation or the response of the newborn to HBV vaccination requires additional study.
This prospective study provides further evidence for the safety and efficacy of HBIG use in pregnancy. Rather than influencing virus replication, HBIG may form an "immune barrier" between the mother and fetus to prevent HBV transmission. The effect of HBIG on Hofbauer cells, a "transporter" of virus from mother to fetus, requires further study.
Patients and Motheds
Participants From May 2012 to May 2013, HBsAg-positive pregnant women who underwent consultation were recruited from the Department of Infectious Diseases, the First Affiliated Hospital of Xi'an Jiaotong University, Shaanxi, China. Mothers willing to receive HBIG administration were assigned to experimental group, others underwent consecutively consultation without HBIG injection were enrolled as control group. The exclusion criteria for participants were: 1) infection with toxoplasmosis, syphilis, parvovirus B19, rubella, cytomegalovirus, herpes, hepatitis C, HIV, or other viruses; 2) obstetric diseases such as pregnancy-related hypertension, placental abruption, threatened miscarriage, and others. All participants in this study gave written informed consent for participation of their infants upon birth. The study protocol was approved by the ethics committee of the First Affiliated Hospital of Xi'an Jiaotong University. Additionally, the protocol has been registrated at ClinicalTrials.gov.
According to our knowledge, data about the mechanism of HBIG in prevention for intrauterine transmission of HBV was limited, especially histopathological changes in placenta after HBIG administraction. The sample size was calculated based on our preliminary results. Five placenta samples from mothers receiving HBIG injection during pregnancy were collected for preliminary study, all of them showed positive for HBIG, while only 2 of 5 from control group were HBIG positive. Based on this result, 11 samples for each group should be enough to clarify the issue (set a D 0.05, b D 0.1). Considering the withdrawal and loss to follow-up of our participants and immunostaining failing for quality of placenta sample, we collected as many samples as we can.
Data and sample collection
The women enrolled in experimental group willing to receive injections of HBIG (200 IU, S20023028, Hualan Biological Engineering Inc.) during pregnancy beginning at week 20 of gestation (at weeks 20, 24, 28, 32, 34, 36, 38, 39 , and 40). The control group only underwent regular examinations without any HBIG treatment during pregnancy. Data were collected from medical records that included complete healthcare information before and after delivery.
Peripheral venous blood (5 ml) was collected at 20, 24, 28, 32, and 36 weeks of gestation and at delivery (prior to HBIG injection in each case) and at 1 month after delivery. Neonatal femoral venous blood (3 ml) was taken prior to combined immunoprophylaxis (HBIG, 200 IU, and the first dose of the hepatitis B vaccine, 5 mg, S19983018, Shenzhen Kangtai Biological Products Co. Ltd.) at different injection sites within 12 h postpartum). Each infant was consecutively followed up after birth, growth index (weight, length and head circumference), feeding patterns and serum level of HBV DNA and viral markers were recorded. Serum was separated for HBV DNA load tests and measurement of the titer of HBV markers (HBsAg, HBsAb, HBeAg, and HBcAb). In most cases, the status of HBsAg is conformity with that of HBV DNA. However, there is exception reported in adults, such as in the case a person shows positive for HBV DNA, while negative for HBsAg. In current study, both HBsAg and HBV DNA had been tested. According to well accepted criteria 19, [37] [38] [39] [40] vertical transmission was determined by HBsAg or HBV DNA testing from infant peripheral blood at 28 weeks of age. Placental tissues were collected under sterile conditions immediately after delivery. After washing with normal saline solution to remove maternal blood (the last washing solution was used to check for HBsAg to exclude maternal blood contamination), the tissue was fixed in 4% paraformaldehyde and processed for paraffin embedding. Serial sections (5 mm) were prepared for hematoxylin-eosin staining and immunostaining. Placenta tissue from non-HBV-infected postpartum women was prepared in the same way and used as a control Virological and immunological assessment Titers for the HBV markers (HBsAg, HBsAb, HBeAg, and HBcAb) were measured with the Abbott ARCHITECT HBsAg, HBsAb, HBeAg, and HBcAb assays, respectively (Abbott Laboratories, Chicago, IL). The HBV DNA load was quantified using a high-sensitivity fluorescent real-time PCR kit (S20040036, Daangene) and amplified with an ABI 7500 Fast instrument (Applied Biosystems, Foster city, CA). The lower limit of detection for the PCR assay was 1 £ 10 3 copies/ml. Liver function was assessed with an automated bioanalyzer (Olympus AU5400, Tokyo, Japan).
Preparation of a polyclonal antiserum against HBIG HBIG (100 IU/ml, 160 mg/ml) that was injected during pregnancy was used as an antigen to immunize New Zealand white rabbits to prepare a polyclonal antiserum. The rabbits were immunized every other week for 70 d with 1.5 mg HBIG total per rabbit. The detailed immunization procedure was as follows: for the first immunization, a mixture of 3.2 ml HBIG and 497 ml phosphate-buffered saline (PBS) was mixed with 500 ml Freund's complete adjuvant to form a microemulsion that was used for inoculation. The next 4 times, a microemulsion containing 1.6 ml HBIG, 498.5 ml PBS, and 500 ml Freund's complete adjuvant was injected. Rabbit venous blood was collected at the end of the immunization cycle and purified with Trisphosphate ion-exchange chromatography to yield the anti-HBIG. The antiserum titer was measured with ELISA and was shown to satisfy the requirements for further immunostaining experiments.
Histological staining
Placental tissue sections were dewaxed in xylene and rehydrated in a decreasing alcohol series. After rinsing with doubledistilled water, a standard protocol was used for hematoxylineosin staining (hematoxylin for 4 min, water rinse, eosin for 30 sec).
For immunohistochemical staining, after dewaxing and rehydration, sections were immersed in 0.01 M sodium citrate (pH 6.0) to inactivate the endogenous peroxidases. Then, the samples were blocked with 5% bovine serum albumin for 20 min and incubated for 45 min at room temperature with a primary antibody against HBsAg (mouse, 1:50, ZM-0122, Beijing Zhongshan Golden Bridge Biotechnology Co.), HBIG (rabbit, 4.7 mg/ ml, 1:2500, prepared as described above), or CD68 (mouse, 1:25, ab955, Abcam). After rinsing with PBS, the tissue sections were proceeded with the mouse/rabbit PowerVision TM TwoStep according to the manufacturer's instructions, respectively (PV-9002, Beijing Zhongshan Golden Bridge Biotechnology Co.), and color was developed with a DAB detection kit (DAB-0031/1031, Maixin Bio.). After substrate reaction, stained tissues were briefly counterstained with hematoxylin (ZLI9609, Beijing Zhongshan Golden Bridge Biotechnology Co.). Slides were dehydrated in an ascending ethanol series and mounted in neutral resins (ZLI9555, Beijing Zhongshan Golden Bridge Biotechnology Co.). For negative controls, the primary antibody was omitted. All immunostaining was performed at least 3 independent times to confirm reproducibility.
For double immunohistochemical staining, sections were coincubated with antibodies against HBsAg C HBIG or CD68 C HBIG, and the other procedures were the same as above. The sections were stained with DAB and alkaline phosphatase Red (AP-Red, ZLI9042, Beijing Zhongshan Golden Bridge Biotechnology Co.) for color development. Stained sections were analyzed and photographed under a light microscope (DM 4000 B, Leica, Wetzlar, Germany) at 200£ magnification.
Yellow-brown particles visible in placental tissue were considered positive staining. All images were examined by 2 experienced pathologists independently, who were blind to the patient interventions and all clinicopathological findings. The quantification of the intensity of HBIG staining was analyzed with Image-Pro Plus 6 image analysis software (Media Cybernetics, Inc.., Silver Spring, MD, USA) according to manufacturer's instructions. Areas of specific staining from various images were chosen to determine the positivity discrimination plane, minimizing the possible visual variation in the detection of immunostaining areas. The discrimination plane was set at 030 in the H channel and 0255 in the S and I channels. Identical settings were performed for each field. A total of 10 fields (200X objective lens) were randomly selected per slide. The integrated optical density (IOD) from all the positive staining in each field was measured to evaluate the area and intensity of the positive staining, as well as area of interest (AOI). The average value (mean density, IOD/AOI) represented the intensity value of HBsAg or HBIG expression per unit area.
Statistical analysis
Statistical analysis was performed using SPSS 13.0 statistical software (SPSS Inc.., Chicago, USA). Data were expressed as the mean § standard deviation (SD). The data were analyzed with the Shapiro-Wilk test and the Levene statistic for normality and homogeneity of variance, respectively. The difference between 2 quantitative groups was compared with an independent-sample t-test or the Mann-Whitney U-test as appropriate, and correlations were analyzed with the Pearson or Spearman correlation test. The chi-square test or Fisher's exact test was used to compare the proportions of the 2 groups. All tests were 2-tailed with the risk set at 5%, and the statistical significance was set as P < 0.05. The chi-square test with SAS (SAS Institut Inc., Cary, NC, USA) was used to calculated the study sample size and the actual power of the study, which was also assumed as 2-tailed test.
